surgical resection of locally advanced rectal cancer [2, 5, 6] . Treatment of rectal cancer with chemotherapy and radiation in a neoadjuvant setting further improves local control and reduces toxicity compared to postoperative chemoradiation [7] . Because local recurrences are morbid and difficult to manage effectively, radiation is being evaluated with new agents delivered alone or with additional adjuvant therapy to improve outcomes and reduce toxicity. Neoadjuvant chemoradiation may also increase the number of patients eligible for sphincter-preserving surgery [7] . Patients in whom sphincter-preserving surgery is not possible due to technical factors may also benefit from neoadjuvant therapy [7] .
Tumor necrosis factor-␣ (TNF-␣ ) is a soluble cytokine that mediates cellular immune response and is cytotoxic to tumor cell lines [8] . Intratumoral delivery of TNF-␣ in combination with radiation has been shown to provide additive or greater than additive effects in human tumor xenografts [9] [10] [11] . A phase I clinical trial of systemic TNF-␣ in combination with radiation in patients with locally advanced and metastatic tumors has shown promising response rates; however, severe idiosyncratic toxicity required discontinuation of therapy in a large proportion of patients [12] . Major toxicities with this approach are independent of the dose of TNF-␣ delivered and include angina, respiratory distress, arrhythmias, allergic reactions, and leukopenia.
Efforts to deliver TNF-␣ locally to tumors to minimize systemic effects have included the generation of TNFerade TM biologic, and E1-, E4-, and partial E3-deleted replication-deficient adenovirus type 5 vector. TNFerade TM contains the human TNF-␣ cDNA with a portion of the EGR-1 chemoradiation-inducible promoter ligated upstream. Preclinical studies have shown that radiation combined with TNFerade TM vector administration was associated with a 5-fold increase in TNF-␣ levels and a delay in tumor growth compared with tumors treated with vector alone. Similar results have been obtained in studies combining TNFerade TM with chemotherapeutic agents [13, 14] . TNFerade TM has been combined with radiotherapy in patients with advanced solid tumors and sarcoma and with chemoradiotherapy in patients with locally advanced pancreatic cancer [15] [16] [17] .
This clinical trial was designed to assess the feasibility and safety of delivering TNFerade TM biologic in combination with capecitabine and radiation in the neoadjuvant setting in patients with locally advanced or recurrent rectal cancer. The delivery of intratumoral injections concurrent with chemotherapy and radiation raises technical and logistical challenges, and a pilot trial was felt to be the most effective way to test if this approach was technically and logistically feasible while also allowing a preliminary estimate of safety in a small patient subset. This trial was undertaken with the goal of an eventual development of a randomized registration trial to evaluate this combination compared to the current standard of care. Pathologic response and tumor regression were included as endpoints in this trial to determine if they may be suitable endpoints for a future randomized trial with this combination.
Patients and Methods

Patients
Patients older than 18 years, with histologically confirmed, nonmetastatic T3, T4, or locally recurrent adenocarcinoma of the rectum, were eligible for this study. Patients with regional lymph node involvement were also eligible for this study. All study participants were required to have an Eastern Cooperative Oncology Group (ECOG) performance status of ^ 2, adequate hematologic (absolute neutrophil count 6 1,500/mm 3 ; platelets of 6 100,000/ mm 3 ), renal (serum creatinine of ^ 2.0 mg/dl), hepatic (total bilirubin ^ 2.0 mg/dl, aspartate aminotransferase/alanine aminotransferase ! 2.5 ! upper limit of normal), and coagulopathic [international normalized ratio ^ 1.5 and partial thromboplastin time (PTT) ! upper limit of normal] function. Patients who had received prior radiotherapy for rectal cancer or who had a history of coagulopathy, cerebrovascular disease, thrombotic or embolic disorders were excluded. They were required to be suitable candidates for surgery and could not be receiving chronic corticosteroids. The study protocol was approved by the Institutional Review Board of the National Cancer Institute (NCI) and thus meets the standards of the Declaration of Helsinki in its revised version of 1975 and its amendments of 1983, 1989, and 1996. All patients provided informed consent before enrollment.
Treatment Plan
All patients underwent computed tomography (CT) scan of the chest, abdomen, and pelvis and MRI or CT of the brain prior to enrollment. Transrectal ultrasound or pelvic MRI with an endorectal coil and colonoscopy were obtained within 4 weeks of study entry. Duplex ultrasound of the lower extremities was obtained to rule out deep venous thrombosis in all patients at the time of enrollment. Diverting colostomy was performed if required for symptoms of obstruction prior to initiation of therapy. The anticipated feasibility of a sphincter-preserving resection was scored for each patient prior to initiation of neoadjuvant therapy by an experienced colorectal surgeon.
Patients were treated with oral capecitabine at a dose of 937.50 mg/m 2 b.i.d. (Monday through Friday) delivered concurrently with external beam irradiation. Capecitabine was initiated on the first day of irradiation and continued until the final day of radiation. Radiotherapy was delivered in daily fractions of 1.8 Gy (Monday through Friday). It was delivered to the tumor, sacral hollow, and pelvic lymph nodes at a dose of 45 Gy followed by a 5.4-to 9-Gy boost to the sacral hollow and gross tumor with margin for a total tumor dose of 50.4-54 Gy.
TNFerade
TM at a dose of 4 ! 10 10 particle units in 2 ml of injectate was delivered locally into the rectal tumor via endoscopy or with transrectal ultrasound guidance with an 18-gauge deployable injection needle array with machined submillimeter side holes in each array tip (Quadrafuse TM or Quadra-fuse ST MultiPronged Injection Needle; Rex Medical, Radnor, Pa., USA) [18] . For tumors smaller than the needle array, a single 20-gauge custom order needle with 3 side holes and no end hole was used for injections (Bernardino; Cook Medical, Indianapolis, Ind., USA). Injections were performed under direct ultrasound visualization with multiple injections and rotations and retractions of the needles in order to obtain a broad coverage of the tumor with the 2-ml volume. Injections were performed on the first day of radiotherapy and at weekly intervals thereafter for a total of 5 injections. Patients received local anesthesia and/or intravenous conscious sedation or deep sedation for the injections.
Toxicities were graded using the NCI Common Toxicity Criteria version 3. Symptomatic treatment and appropriate medical management of all toxicities were performed (i.e. antidiarrheal therapy with loperamide). Capecitabine dosing was modified as follows with the exception that dose modifications were not made for lymphopenia alone. Capecitabine was interrupted for all grade 2 or greater toxicity until resolved to grade 0-1. Dose modifications upon resumption of capecitabine for grade 2 toxicity were as follows: first occurrence no dose reduction, second occurrence 25% dose reduction, third occurrence 50% dose reduction, and fourth occurrence discontinue permanently. Percent dose reductions were based on the starting dose of capecitabine. For grade 3 toxicities, a 25% dose reduction was used following the first occurrence and a 50% dose reduction was used for a second occurrence. Capecitabine was discontinued for a third occurrence of grade 3 toxicity. For grade 4 toxicity, capecitabine was discontinued or the dose reduced by 50% at the judgment of the treating physician. A second occurrence of grade 4 toxicity required permanent discontinuation of capecitabine.
Weekly evaluations during chemoradiotherapy included clinical evaluations, assessment of toxicity, and laboratory testing [complete blood count, serum electrolyte panel, BUN, creatinine, prothrombin time (PT)/PTT]. Seven weeks after completion of chemoradiotherapy, patients underwent restaging with a CT of the chest, abdomen, and pelvis, complete blood count, serum electrolytes, BUN, creatinine, PT/PTT, and carcinoembryonic antigen. Surgical resection of the rectal tumor was accomplished with a sphincter-preserving low anterior resection if possible. An abdominoperineal resection (APR) was performed if necessary to achieve clear margins. Surgery was delayed in patients with grade 3 or greater radiation toxicity or grade 4 or greater hematologic toxicity until toxicity resolved to grade 2 or less.
Following at least a 4-week recovery period after surgery (range 4.3-8 weeks), patients underwent staging evaluation including a CT of the chest, abdomen, and pelvis, complete blood count, serum chemistries (electrolytes, renal function, hepatic function), PT/PTT, and carcinoembryonic antigen level. Patients with no evidence of metastatic or recurrent disease began 5-fluorouracil-based adjuvant chemotherapy off protocol.
Pharmacokinetics
Plasma samples were collected just prior to the first administration of TNFerade TM and 15 min, 60 min, 3 h, and 18-24 h after the first administration. Plasma samples were also collected at 2 and 4 weeks following completion of therapy. They were processed immediately and stored at -80 ° C until further use.
A TaqMan TM -based assay was used for pharmacokinetic studies. The assay detects a specific sequence of the adenovirus vector DNA sequence. The 5 -PCR primer, the 3 -PCR primer, and the fluorescently labeled probe are located in the transcriptionally inert spacer region of the vector sequence. The lower limit of detection of the assay is 10 copies of vector/1 g of human genomic DNA and the lower limit of quantification is 50 copies of vector/ 1 g of human genomic DNA. A standard curve was prepared with vector diluted in human genomic DNA with concentrations ranging from 10 to 1 ! 10 6 vector copies/ g of human DNA.
DNA was extracted from 100 l of serum and eluted into 100 l of resuspension buffer using the MagAttract Virus Mini Kit with the infectious disease package application (Qiagen, Valencia, Calif., USA). Genomic DNA (1 g) was added to serum samples as a carrier. Normal control serum was purified with each batch to rule out cross-contamination. PCR amplification was performed with the ABI PRISM 7700 Sequence Detection System using PCR master mix (Applied Biosystems, Foster City, Calif., USA). Samples were run in triplicate with one replicate spiked with vector to rule out the presence of PCR inhibitors. Each plate was run with standards and additional controls including genomic DNA control, no template control, and the extraction control. A standard curve was generated by plotting the C T value versus copy number per standard sample. The mean copy number for each sample was calculated from the standard curve.
Assessment of Pathologic Response
Characteristics of tumor regression at the time of resection are described in table 1 . Following surgery, the tumor was fixed and processed per standard institutional guidelines. Pathologic response was determined by a single pathologist with expertise in gastrointestinal pathology for all cases. The entire gross tumor and fibrotic area of the specimen were evaluated microscopically for the percent of viable tumor remaining ( fig. 1 ). Pathologic response was evaluated with the rectal cancer regression grade (RCRG) [19] . In brief, RCRG1 responses had only microscopic foci of tumor with marked fibrosis, RCRG2 responses exhibited marked fibrosis with residual gross disease, and RCRG3 responses exhibited little or no fibrosis with abundant macroscopic disease. Complete pathologic response was defined as the absence of viable tumor cells in all evaluated sections. 
Assessment of Recurrence
Staging assessments consisted of history and physical exam as well as CT scans of the chest, abdomen, and pelvis every 12 weeks for 36 months and thereafter as per best clinical practice. Patient evaluations are scheduled to continue until 15 years following therapy. Recurrences were assessed by follow-up radiographic evaluation 6 4 weeks after the initial response criteria were met. Additional imaging of other sites was obtained in follow-up only if clinically indicated. Surveillance colonoscopy was performed at yearly intervals.
Results
Patient Characteristics
Nine patients (6 men and 3 women) were enrolled in this pilot study. Characteristics of the patients are described in table 2 . Two patients had T2 disease, 6 had T3 disease and 1 had T4 disease, and 2 patients were node positive. Four patients were predicted to require an APR by the treating surgeon prior to chemoradiotherapy. No patient had detectable anal sphincter involvement prior to treatment.
Pharmacokinetics
Complete pharmacokinetic data was available for 8 patients. In 1 patient, the vector was not detected at any time point. In 2 of 8 patients, the plasma vector was detectable in quantifiable levels. For these 2 patients, the corresponding values detected at 15 min after the first injection were 93 and 129 copies of TNFerade/ l of plasma. In these same 2 patients, the level of detectable vector at 60 min after the injection on week 1, day 1 was 6 and 3 copies of TNFerade/ l of plasma, respectively. In 5 of 8 patients, the vector was detectable but below the limits of quantification. In all instances in which the vector was detectable, it was only found in the 1st hour after injection on week 1, day 1. No vector was detected at week 3, week 5, and week 2 and 4 posttreatment plasma samples in any patient.
Feasibility
The primary endpoint of this study was to evaluate the feasibility of intratumoral delivery TNFerade TM biologic with concurrent capecitabine and radiotherapy. This approach required coordination and cooperation between multiple services including medical oncology, surgical oncology, radiation oncology, and interventional radiol- ogy. Anatomic location of tumor in some cases altered the approach for delivery of injectate (transrectal ultrasound versus endoscopy), but with these two approaches injection was accomplished successfully in all patients. Location of tumor, stage of tumor, and other patient and tumor characteristics did not interfere with the ability to deliver intratumoral injections successfully. No treatment or injection was postponed or cancelled for logistical reasons.
Safety
Eight patients completed all treatments. CTC V3.0 toxicity is described in table 3 . Two patients experienced capecitabine-related grade 3 hematologic toxicity. One of these grade 3 hematologic toxicities occurred concurrent with ileitis requiring discontinuation of capecitabine and radiotherapy at 4,320 cGy. Capecitabine dose reductions occurred in 3 other patients for hematologic or gastrointestinal toxicity. Radiotherapy was completed without delay in 8 patients (5,040-5,400 cGy).
No toxicity was attributable to the injection procedure. Specifically, there were no complications of bleeding or clinically evident injection site reactions. Of note, constitutional toxicities were higher than would be expected for capecitabine and radiotherapy; however, these toxicities were all grade 1-2. One grade 2 catheter-associated thrombosis was observed in a patient who had a port placed after surgery for the purpose of receiving additional chemotherapy. There were no other thrombotic events. No correlation was observed between quantifiable or detectable vector and any previously described TNF toxicity including constitutional symptoms.
Response and Recurrence
Surgery was performed between 5 and 9 weeks after completion of therapy. It was delayed in 1 patient until 10 weeks due to complications of cystic fibrosis thought to be unrelated to therapy. Four patients were deemed to require APR prior to therapy; however, after neoadjuvant therapy only 1 patient required an APR and the remaining 8 patients successfully underwent sphincter-sparing surgeries. Two of 9 patients achieved a complete pathologic response. Using RCRG, 7 of 9 patients were scored as RCRG1 and 2 of 9 patients were scored as RCRG2. All margins were negative in all patients.
With a median potential follow-up of 41.6 months, only 1 patient has died at 39 months after study entry from an epicardial metastasis. Two patients recurred at distant sites. One patient developed pulmonary metastases 15.5 months after completion of local therapy. These pulmonary recurrences were controlled with wedge resections. This patient subsequently had an additional local recurrence at 39.5 months. A 2nd patient developed disseminated distant failure without evidence of local failure. Two patients failed locally, 1 described above and the other at 18 months after completion of local therapy.
Discussion
The addition of more active agents may increase the efficacy of chemoradiotherapy for patients with locally advanced rectal cancer, leading to enhanced local control or an increased ability to obtain a margin-negative resection with sphincter preservation. This pilot study demonstrated the safety and feasibility of delivering intratu- The most common grade 3 or 4 toxicities observed in this cohort of patients were consistent with prior experience with pelvic radiation and capecitabine and consisted primarily of leukopenia, lymphopenia, and diarrhea. Fever, rigors, and fatigue occurred more frequently than would be expected with capecitabine and radiotherapy alone; however, these toxicities were grade 1 or 2 in all cases and self-limited. A single case of ileitis requiring discontinuation of therapy near the total dose of radiotherapy occurred. Although it is impossible to exclude TNFerade TM as an explanation for this toxicity, this is a known complication of chemoradiotherapy for rectal cancer [20] .
TNFerade TM was developed as a mechanism to deliver a vector capable of providing high levels of local TNF-␣ after induction without the complications observed with systemic delivery of TNF-␣ . The ability to deliver the vector locally with minimal systemic leak is an important characteristic to obtain tumor-selective effects and to avoid the idiosyncratic toxic reactions associated with systemic delivery of TNF-␣ . In the 8 patients in whom complete pharmacokinetic data were available, the vector was detected in 7 of 8 patients, but was below the limit of quantification in all but 2 patients. The low level and rapid clearance of the vector from the bloodstream within 1 h suggest a small amount of leak of the vector at the time of injection. Importantly, the vector was not observed in the plasma at later time points after the first injection or at subsequent injections suggesting clearance or that treatment effect may have reduced systemic leak.
Although we were unable to evaluate vascular anatomy and function serially in this trial, TNF-␣ is known to alter tumor blood vessel integrity. It is possible that the effects of TNF-␣ on tumor vessels may reduce the likelihood of systemic leak of future injections. In regard to any clinical impact of systemic leak, an evaluation of toxicity attributable to TNF-␣ is of importance. The toxicity observed in this study that has previously been attributed to TNF-␣ was low grade and relatively infrequent suggesting that local delivery of the vector may be an effective means to minimize the systemic impact of TNF-␣ .
A secondary endpoint of this study was to evaluate pathologic response to the combination of capecitabine, radiation, and intratumoral injections of TNFerade TM with the intent of evaluating this measure for inclusion as an endpoint in a future randomized assignment trial with this combination as the experimental arm. Although the numbers of patients included in this trial are small and firm conclusions cannot be drawn, it is important in any study of a radiation or chemotherapy modifier to report the rate of response. In series evaluating the combination of capecitabine and pelvic radiotherapy for locally advanced rectal cancer, pathologic complete response rates of 8-16% and RCRG1 rates of 37-43% have been described [7, [21] [22] [23] [24] [25] [26] [27] [28] . In the 9 patients treated with the regimen of radiation, capecitabine, and intratumoral TNFerade TM injections, 2 met criteria for pathologic complete response and 7 of the 9 patients were scored as having a response compatible with RCRG1. Because the number of patients treated in this pilot trial is small, no firm conclusions can be drawn but these pathologic endpoints would seem to be appropriate endpoints in addition to local control and survival for a future randomized trial of this regimen.
All but 1 of the patients receiving intratumoral TNFerade TM injections was able to undergo sphincterpreserving surgery. Despite the high rate of local response, 2 patients failed locally after treatment including 1 patient who developed a pathologic complete response, reinforcing the importance of long-term follow-up and local control as an endpoint in future trials of this combination. Prior studies have suggested that the most common site of failure after therapy for rectal cancer is the sacral hollow, presumably due to lymph node involvement and disease extension into the perirectal fat. Although the perirectal fat was not specifically targeted with the injection, in some cases extravasation was observed on occasion by ultrasound and was likely a common event based on the volume of injectate delivered. Although not directly targeted with the injection, it is also possible that lymphatic drainage provides delivery of vector to regional lymph nodes. With future trials of similar agents, a consideration of the benefit of deep injections to target disease in the perirectal fat will need to be balanced with the concern for systemic leak.
A limitation of this pilot study is the relatively small number of patients treated. Although our patient population is small, these data suggest that treatment with intratumoral TNFerade TM injections in combination with capecitabine and pelvic radiotherapy results in promising pathologic response rates with minimal additional toxicity compared to capecitabine and radiotherapy alone. Intratumoral delivery of TNFerade TM was accomplished via weekly endoscopy or with transrectal ultrasound guidance and was logistically and technically feasible. This procedure is minimally invasive and well tolerated, with no toxicity directly attributable to the injection procedure.
Conclusion
The addition of weekly intratumoral injections of TNFerade TM to capecitabine 937.50 mg/m 2 b.i.d. (Monday through Friday) delivered concurrently with 50.4 Gy of external beam irradiation was feasible and in general well tolerated.
